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SUMMARY

In SK-N-MC human neuroblastoma cells, the cAMP response to
1 0 flM isoproterenol (ISO) is mediated primarily by fl1-adrenergic
receptors. However, responses to higher concentrations of ISO
(100-1 000 nM) were only weakly blocked by flu- and fl2-selective
antagonists. When fl� receptors were blocked with 10 �M CGP
2071 2A, catecholamines still maximally activated cAMP accu-
mulation, with only small decreases in potency. In the presence

of CGP 20712A, fi blockers inhibited the response to ISO ster-
eoselectively but with relatively low potencies. Pindolol deriva-
tives were partial agonists with low potencies, and the atypical
agonist BRL 37344 was a partial agonist with an intermediate
potency. All binding sites in these cells labeled by 125I-cyanopin-

dolol were of the (3� subtype. Nuclease protection assays mdi-
cated that SK-N-MC cells contain mRNA for both the human flu-
and fl3-adrenergic receptors, with the fl� subtype mRNA being
expressed 25-50% more abundantly than that for the flu sub-
type. Northern blot hybridizations showed the presence of two
fl3 mRNA transcripts of 3.1 and 2.4 kilobases. These results
suggest that flu and atypical fi-adrenergic receptors coexist in
these cells and cause redundant increases in cAMP formation.
Although molecular approaches suggest that the atypical sub-
type is the fl�, the observed drug specificity differs from that
reported for the expressed recombinant human fl� receptor.

It is now clear that each neurotransmitter exerts its effects

through a large family of receptors. Nine adrenergic receptors

for NE and EPI have been characterized and cloned (1-9), and

the existence of additional receptors is likely (10-15). Adrener-

gic receptors are grouped into three families based upon struc-

ture, pharmacology, and signaling mechanisms (1). The ct�

family increases intracellular Ca2� (2-4), the ct2 family inhibits

adenylate cyclase (4-6), and the fi family activates adenylate

cyclase (7-9). Thus, simultaneous activation of multiple recep-

tor subtypes can cause additive, opposing, synergistic, or inde-

pendent effects (10), the biological implications of which have

not been explored.

The human SK-N-MC human neuroblastoma cell line has

been reported to contain exclusively the fl� subtype (16), based

on radioligand binding, cAMP accumulation, and Northern
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blots. However, in examining these cells we obtained unex-

pected results. We report here the coexistence of two fi-adre-

nergic receptor subtypes in this cell line, i.e., the previously

described flu subtype and a fi-adrenergic receptor that pharma-

cologically resembles the “atypical” fi subtype found in adipose

tissue, heart, and intestine (12-15, 17-24) and that appears, by

molecular approaches, to be the human fl subtype (9). The

coexistence of these two subtypes, which cause redundant in-

creases in cAMP, suggests that transmitters may simultane-

ously activate multiple receptor subtypes with unexpected phar-

macological and functional consequences.

Experimental Procedures

Materials. SK-N-MC cells were obtained from the American Type

Culture Collection (Rockville, MD). (-)- and (+)-Pindolol, (-)-hy-

droxybenzylpindolol, and (-)-CYP were from Sandoz (Basel, Switzer-

land). (-)- and (+)-Propranolol were from Ayerst (New York, NY).

(+)-NE and (+)-EPI were from Sterling-Winthrop (Renssaeler, NY).

Nadolol was kindly provided by Dr. Stephen Baker (University of

Florida). (-)-ISO, (-)-NE, (-)-EPI, timolol, (-)-alprenolol, and all
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other reagents were from Sigma (St. Louis, MO). [H]Adenine (20-40

Ci/mmol) and [a32P}ATP (800 Ci/mmol) were from DuPont NEN

(Boston, MA). Carrier-free Nat2�I was from Amersham (Arlington

Heights, IL).

Cell culture. Cells were maintained in 90% Dulbecco’s modified

Eagle’s medium with 10% fetal calf serum (GIBCO). Upon reaching

confluence they were subcultured at a ratio of 1/5 to 1/10, in the same

medium. Two milliliters were plated on 35-mm Primaria plates for

cAMP determinations, for which cells were grown to confluency.

cAMP. cAMP accumulation was assessed by the [1H]adenine pre-

labeling method (25), as described previously (26). Briefly, confluent

35-mm dishes were prelabeled with [H]adenine (1 pCi/2 ml) for 2 hr

and washed twice with 1 ml of Krebs-Ringer bicarbonate buffer (corn-

position, in mM: NaC1, 120; KC1, 5.5; CaC12, 2.5; NaH2PO4, 1.2; MgC12,

1.2; NaHCO, 20; glucose, 11; CaNa2EGTA, 0.029) at 3T. The buffer

was aspirated and 1 ml of warm Krebs-Ringer bicarbonate buffer

containing 0.2 mM IBMX was added. Drugs were then added and the

plates were incubated for 10 mm at 37’ . The reactions were terminated

by the addition of 0.1 ml of trichloroacetic acid, 50 �tl of unlabeled

cAMP were added as a carrier, and the plates were scraped. [H]cAMP

was isolated by sequential Dowex and alumina chromatography (27).

Data were calculated as a percentage of the conversion of [HJATP to

[H]cAMP.
Adenylate cyclase assay. Adenylate cyclase activity was assayed

in cell homogenates prepared from SK-N-MC cells as described by

Fishman et a!. (16). In brief, 30-40 �zg of cell homogenate protein were

incubated in a final volume of 100 �zl containing 25 mM Tris . HC1 (pH

7.7), 1 mM dithiothreitol, 1 mM EDTA, 0.1% bovine serum albumin, 5

mM creatine phosphate, 5 unit of creatine phosphokinase, 1.5 mM

MgCl2, 200 �zM IBMX, 1 mM cAMP, and 0.2 mM [n-2P]ATP (1 MCi!

tube). Reactions were incubated at 30� for 10 mm, terminated, and
analyzed for :i2p4abeled cAMP by sequential Dowex and alumina

chromatography (27).

Radioligand binding. ‘2�I-CYP binding was measured in mem-

brane preparations as described previously (16). Briefly, cells were

washed twice in PBS (20 mM NaPO4, 154 mM NaC1, pH 7.6), harvested,

and homogenized in PBS. Homogenates were centrifuged at 30,000 x

g for 10 mm and pellets were resuspended in PBS (one confluent 100-

mm plate/7 ml). Incubations were performed in a final volume of 0.25

ml of PBS containing 0.1 ml of tissue preparation and 50,000 cpm of

i2:�I�cYP (50 pM), in the presence or absence of competing drugs.

Incubations were for 1 hr at 37’ and were stopped by dilution with 10

ml of 10 mM Tris . HC1 (pH 7.4) and filtration over glass fiber filters
(Schleicher and Schuell no. 30). Filters were washed with an additional

10 ml of buffer and were counted in a -y-counter. Nonspecific binding

was defined as binding remaining in the presence of 50 MM isoproter-

enol.

mRNA analysis. Probes for the human fi,- and fi-adrenergic

receptor mRNAs were obtained with the PCR. fl receptor eDNA was

obtained by reverse transcription and PCR amplification as described

previously (28), using oligonucleotide primers derived from the pub-

lished human sequence (29). The resulting cDNA, encoding amino

acids 178-271, was cloned into pGEM 7z (p145) and the sequence was

verified. The human /3: receptor probe was amplified from adipose

tissue total nucleic acids by “nested” PCR (24), cloned into pGEM 7z,

and sequenced. This probe (pl46) encoded amino acids 151-223 of the

human (3:radrenergic receptor (9).

i3 and fl: receptor mRNAs were measured simultaneously in the

same sample with a solution hybridization assay described previously

(28). Briefly, radioactive cRNA probes were transcribed in vitro with

[2P]CTP, using the T7 promoter. The (3 (p145) and the (3: (p146)

receptor cDNAs were linearized at the HindIII site in the vector.

Cellular RNA (15-50 Mg) was co-precipitated with 3 x 10� cpm of each

2P-labeled probe. Samples were resuspended in 30 M1 of hybridization

buffer containing 75% formamide, 400 mM NaCl, 1 mM EDTA, and 40

mM piperazine-N,N’-bis(2-ethanesulfonic acid), pH 6.4, and were by-

bridized at 55’ for 12-18 hr. Samples were diluted in 10 volumes of 300

mM NaC1, 5 mM EDTA, 10 mM Tris, pH 7.5, and 300 units of T-1

ribonuclease were added to each sample. Digestions were stopped after

a 45-mm incubation at 37’ , and samples were precipitated in ethanol.

Precipitates were resuspended with dye (bromphenol blue in 90%

formamide, 10 mM EDTA, pH 7.5). The 2P-labeled RNA probes that

were protected from RNase digestion were electrophoretically resolved

on a denaturing polyacrylamide gel containing 8 M urea. The gels were

dried and exposed to Kodak XAR-5 film for 18-72 hr. The resulting

autoradiograms were scanned with an E-C System densitometer cou-

pled to a Shimadzu chromatograph integrator.

For quantitation of fi receptor mRNAs, the ‘2P-labeled cRNA probes

were hybridized to known amounts (5-40 pg) of the corresponding

nonradioactive sense RNA (transcribed in vitro from the SP-6 pro-

moter) and processed as described above. The densitornetric area of

the autoradiographic bands was a linear function of the amount of

sense RNA added. Quantitation of cellular fi receptor mRNA levels
was accomplished by comparing the autoradiographic signals of stand-

ards with those produced by tissue RNA.

Northern blot analysis was performed as previously described (24),

using a randomly primed human fl: probe derived from p146.

Results

Effects offl1- and fi2-selective antagonists on responses

to ISO and NE. Previous studies suggested that the human

SK-N-MC neuroblastoma cell line contains exclusively fly-

adrenoceptors (16); however, we obtained unexpected results

with these cells. Although the fl-selective antagonist CGP

potently inhibited the cAMP response to 10 nM ISO, as previ-
ously reported (K, = 1 nM) (16), the potency of CGP was

decreased >1000-fold when a 10-fold higher concentration of

ISO was used (Fig. 1). Increasing the ISO concentration to 1

MM caused a further decrease in potency. Inhibition of the
response to 50 nM NE by CGP was clearly biphasic, exhibiting

both high and low affinity components (Fig. 1). The potency of

CGP was reduced >200-fold when the NE concentration was

increased 10-fold. The fl2-selective antagonist ICI showed a low

potency in inhibiting responses to both agonists, with propor-

tional decreases in potency occurring with increasing agonist

concentration (Fig. 1).

Concentration-response curves for catecholamines. In

order to further characterize this unusual dependency between

the antagonism of cAMP accumulation by CGP and the con-

centration of agonist used, dose-response curves for the stim-

ulation of cAMP accumulation by ISO, NE, and EPI were

performed in control and CGP (10 MM)-treated cells. At 10 MM,

CGP is present at a concentration that is 4 orders of magnitude

greater than its K, (2 nM) for the fi-adrenergic receptor (see

Fig. 5). Thus, a 5000-fold decrease in the potency ofthe agonists

at the fl1-adrenergic receptor should be seen. In control cells,

ISO, NE, and EPI increased cAMP accumulation with a rank
order of potency suggestive of fl -adrenoceptors (ISO >

NE � EPI) (Fig. 2). However, addition of 10 ffM CGP to these

cells caused only 5-, 23-, and 27-fold decreases in potency for

NE, ISO, and EPI, respectively, instead of the 5000-fold shift

expected if the agonists were acting solely at the fi-adrenergic
receptor. Each agonist produced nearly a full response in the

presence of CGP, with ISO and NE being equally potent (Fig.

2). The a-adrenoceptor antagonist phentolamine (10 MM) did

not affect agonist potency, either with or without CGP (data

not shown). In addition, ISO stimulated adenylate cyclase

activity in cell homogenates prepared from SK-N-MC cells in

a concentration-dependent manner, with similar EC� values

in the absence and in the presence of CGP (1.0 and 3.1 MM,
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Fig. 1. Inhibition of cAMP accumulation by the fl-selective antagonist CGP and the fl2-selective antagonist ICI with varying concentrations of
agonists in SK-N-MC cells. Data are expressed as a percentage of the control response to the indicated concentrations of ISO or NE. ISO caused
a maximal 19 ± 3-fold increase in cAMP accumulation. Each value is the mean ± standard error of data from two to four experiments performed in
duplicate.
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respectively) (Fig. 3). However, the maximal response to 100

MM ISO in the presence of 10 ffM CGP was only 68% of that in
the control cells. These findings suggest that two populations

of fi-adrenergic receptors exist in SK-N-MC cells. One popu-

lation consists of the previously characterized fl receptor,

which is potently activated by ISO, is quite sensitive to blockade

by CGP, and exhibits an agonist order of potency of ISO > NE

� EPI. The other fi receptor is activated by ISO with a lower

potency and appears to be of neither the fl� nor (12 subtype,

because it is not blocked by CGP and has a low affinity for the

fl2 antagonist ICI. In addition, the rank order of potency of the

agonists in the presence of CGP (ISO = NE > EPI) suggests
the presence of an atypical fi receptor in this cell line. Thus,

these findings suggest that fi-adrenergic receptors coexist with

an atypical fi-adrenergic receptor subtype in SK-N-MC cells

and that either receptor alone can almost maximally increase

cAMP.
Pharmacological characterization of the atypical sub-

type. In order to characterize these atypical fi receptors in this

cell line, we examined cAMP accumulation responses to various

agonists and antagonists in the presence of 10 MM CGP. This

concentration of CGP occupies 99.99% of the fi-adrenergic

receptors. We found that in the presence of 10 MM CGP acti-

vation by NE and EPI was stereoselective (Table 1). Addition-

ally, the response to ISO (500 nM) was inhibited by a variety

of fi blockers with relatively low potencies. (-)-CYP was most

potent, although much less potent than at fl or fl2 subtypes (7).

(-)-Propranolol was about 100-fold more potent than (+)-

propranolol, and betaxolol (fl-selective) and ICI ((32-selective)

were very weak (Table 1). In the absence of CGP, pindolol

derivatives were partial agonists, with (-)-hydroxybenzylpin-
dolol having the highest potency and intrinsic activity (Fig. 4).

(-)-Pindolol had a higher intrinsic activity than (+)-pindolol,

and the atypical agonist BRL 37344 was a partial agonist with

intermediate potency. The effects of (-)-hydroxybenzylpin-
dolol (Fig. 4), (-)-pindolol, and BRL 37344 (data not shown)

were not significantly antagonized by 10 MM CGP, providing

further evidence that these compounds were stimulating cAMP

accumulation via an atypical fi-adrenergic receptor.

Radioligand binding. Binding sites labeled by 2�I-CYP

were exclusively of the fl subtype (Fig. 5), as described previ-

ously (16). CGP, propranolol, nadolol, IC! (Fig. 5), and betax-

olol (data not shown) all showed monophasic inhibition curves

with Hill coefficients not significantly different from 1.0 (0.9-

1.16). Attempts to label the atypical fi-adrenergic receptors in

either membranes or whole cells with 21-CYP were unsuccess-
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ful, even when high concentrations of 2�I-CYP were used (9).

This is probably because of the very low affinity of CYP for

this subtype (Table 1).

RNA analysis. The pharmacological properties of the atyp-

ical fi-adrenergic receptor in this cell line are somewhat similar

to those described for the cloned human fl receptor. However,

a strict comparison between the pharmacology of this atypical

(3 receptor and the expressed recombinant fl: subtype is difficult
because the information published on the cloned human fl;
receptor is scarce (9, 30). Therefore, we used molecular biolog-

ical approaches in order to determine whether the SK-N-MC

cell atypical fi receptor is the fl receptor. The nuclease protec-

tion assay is a highly specific assay of gene expression, because

only virtually perfect hybrids between cellular mRNA and the

radioactive probes are protected from digestion by the nuclease.

As predicted from previous work (16) as well as our studies,

SK-N-MC cells contain mRNA encoding the fl receptor (Fig.

6A). Additionally, these cells clearly contain transcripts for the

fl; receptor. Indeed, fl receptor mRNA was about 25-50% more

abundant than fl receptor mRNA in SK-N-MC cells. Northern

blot analysis of total mRNA from these cells identified a

predominant fl: receptor mRNA species of 3.1 kb and a minor

species of about 2.4 kb (Fig. 6B).
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Fig. 2. Concentration-response curves for ISO-, NE-, and EPI-stimulated
cAMP accumulation in SK-N-MC cells in the absence (top) and presence
(bottom) of CGP (1 0 MM). cAMP accumulation was determined as de-
scribed in Experimental Procedures. Data are expressed as a percentage
of the response to 1 MM ISO in the absence of CGP. Each value is the
mean ± standard error of data from three experiments performed in
duplicate.
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Fig. 3. Concentration-response curves for ISO-stimulated adenylate
cyclase activity in cell homogenates prepared from SK-N-MC cells in the
absence and presence of CGP (1 0 MM). Adenylate cyclase activity was
determined as described in Experimental Procedures. Data are ex-
pressed as pmol of cAMP formed/mm/mg of protein of cell homogenate.
Each value is the mean ± standard error of two to four determinations
of adenylate cyclase activity. Basal activity was 3.4 ± 0.02 pmol/min/mg
of protein in control cells and 2.6 ± 0.2 pmol/min/mg of protein in CGP-
treated cells.

TABLE 1

Pharmacological characterization of the atypical fi-adrenoceptor in
SK-N-MC cells
Concentration-response curves for each agonist were determined in the presence
of 0.2 m� IBMX and 1 0 MM CGP in SK-N-MC cells, as described in Experimental
Procedures. The EC50 value and percentage of the response to 1 MM ISO in the
absence of CGP were calculated for each curve. Each value is the mean ± standard
error of three experiments performed in duplicate. The potencies of the antagonists
in blocking the cAMP response to ISO (500 nM) were determined in the presence
of 10 MM CGP. IC50 values were calculated for each curve and converted to K,
values as described by Cheng and Prusoff (35). Each value is the mean ± standard
error of three experiments performed in duplicate.

Agonists EC50 ISO maximum

flM % of control

(-)-ISO 152 ± 33 87 ± 9.8
(-)-NE 195±58 77 ±7.0
(-)-EPI 2,604 ± 958 84 ± 7.2
(+)-NE 12,200 ± 3,400 70 ± 8.2
(+)-EPI 41,800 ± 20,100 66 ± 2.7

(-)-Hydroxybenzylpindolol 190 ± 50 57 ± 3.3
(�)�CYPa 380 ± 140 15 ± 2.4
BRL 37344 840 ± 1 30 35 ± 1.6
(_)�Pindolola 2,800 ± 1 080 36 ± 4.6
(+)-Pindolol >20,000 3 ± 0.7

Antagonists K,

riM

(_)�CYPa 28 ± 9
(�)-Pindolol5 84 ± 12
(-)-Propranolol 260 ± 47
Timolol 260 ± 64
(-)-Alprenolol 350 ± 21
Nadolol 1 300 ± 280
ICI 2,400 ± 560
Betaxolol 19,400 ± 3,600
(+)-Propranolol 20,300 ± 1,700

aMixed agonist/antagonist.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


(-) Pro

100

80

60

40

20

Pro

U
C

C

m
0�
>-
C)

0

0
5)
0�

(I.)

100

80

60

40

20

0
-10

-9

1)
U)
C
0
0�
U)
a)

0
11)

a)
U)
C
0
0�
U)
a)

0
C’)

-8 -7 -6 -5 -4

HYP

-9 -8 -7 -6 -5

BRL TI
A �-)Pindolol

/1

/

-9 -8 -7 -6 -5 -4

Coexisting fi-Adrenergic Receptor Subtypes 757

log [Drug] (M)

(+)Pindolol

Fig. 4. Effect of antagonists and partial agonists on cAMP accumulation
in SK-N-MC cells. Top, inhibition of responses to 500 nM ISO in the
presence of 10 MM CGP by (-)-CYP, (-)- and (+)-propranolol [(-) and
(+)Pro], and ICI. Data are expressed as a percentage of the response
to 500 nM ISO in the presence of CGP. Bottom, increases in cAMP
accumulation in SK-N-MC cells caused by (-)-hydroxybenzylpindolol
(HYP) in the absence or presence (+CGP), of 10 MM CGP and by (-)-

and (+)-pindolol and BRL 37344 (BRL) in the absence of CGP. Data are
expressed as a percentage of the response to 1 pM ISO. Each value is
the mean ± standard error of data from three experiments performed in
duplicate.

Discussion

These results suggest that two distinct fi-adrenergic receptor

subtypes coexist in this cell line and cause redundant increases

in cAMP. One of these appears to be the fl subtype, as previ-

ously reported (16), and the other pharmacologically resembles

the atypical fl receptor described in a variety of mammalian

tissues. In addition, these cells contain mRNA for both the fl
and fl receptor subtypes.

The atypical fi-adrenergic receptor in these cells has a rank

order of agonist potency similar to that of the cloned human fl
subtype (9), and pindolol derivatives and BRL 3744 are partial

agonists at both. However, there are a number of differences in

the drug specificities of the atypical fl receptor described here

and the recombinant human fl receptor. The most dramatic

difference is in the differential potency of typical fi-adrenergic

receptor antagonists. Propranolol and alprenolol inhibit this

receptor with submicromolar potencies but have been reported

to be essentially inactive at the fl subtype (9). It is difficult to

compare the potencies of agonists because of possible differ-

-�og [Drug] (M)

Fig. 5. Inhibition of specific 125I-CYP binding by selective antagonists in
membranes from SK-N-MC cells. Data are expressed as a percentage
of specific binding in the absence of displacing drug. PRO, propranolol;
Nad, nadolol. Each point is the mean ± standard error of data from three
experiments performed in duplicate.

ences in receptor reserves and problems in comparing data

from binding and functional measurements. Based on the lim-

ited data available, however, it appears that CYP is about 100-

fold less potent at this receptor than at the fl receptor (9).

Pindolol has been reported to have ECr,,, values of 150 nM (9)

or 1100 nM (30) in fi-transfected CHO cells, whereas we found

an ECS of 2800 nM, although a K, of 84 nM, in these cells.

Similarly, the EC�, for BRL 37344 in fi-transfected CHO cells

has been reported to be 6 nM (9) and 180 nM (30) but is 840

nM in these cells. It appears that this subtype more closely

resembles the atypical fl-adrenergic receptor found in cardiac,

intestinal, and adipose tissues (12-15, 18-22) and the cloned

rat fl receptor (23, 24) than the cloned human fl receptor (9,

17, 30). Similarities include 1) a submicromolar affinity for

classical fi-adrenergic receptor antagonists, 2) a midnanomolar

affinity for CYP, 3) activation by pindolol derivatives with low

potency, and 4) a relatively low potency of BRL 37344.

Despite this pharmacological similarity to the atypical fl-

adrenergic receptor, highly specific nuclease protection assays

suggest that the receptor that mediates the atypical fl-adrener-

gic responses in the SK-N-MC cell line is the same as the

cloned human fl;-adrenergic receptor. These cells were found

to contain fl� receptor transcripts in a relatively greater abun-

dance than fl receptor transcripts. Two fl receptor mRNA

transcripts, of 2.4 and 3.1 kb, were detected in Northern blot

hybridizations using a human fl receptor cDNA probe.

Because human fl: mRNA exists in these cells, it is not clear

why we observed substantial differences between the pharma-

cological properties of this receptor and those published previ-

ously for the expressed recombinant human fi-adrenergic re-

ceptor. Although the human fl receptor was cloned almost 3

years ago, little additional pharmacological characterization has

been performed (9, 30). In contrast, the pharmacological evi-

dence for the atypical fl-adrenergic receptor in a variety of

mammalian tissues is extensive and well defined (12-15, 18-

22). In addition, the pharmacological profile of the expressed

recombinant rat fl; receptor more closely resembles that for the

atypical fl receptor than the cloned human fl receptor (23, 24).

It is also possible that the properties of the fl;-adrenergic

receptor natively expressed in SK-N-MC cells differ from those

of the product of the cloned fl receptor cDNA transfected into
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Fig. 6. 13,- and fi3-adrenergic receptor mRNA expression in SK-N-MC
cells. A, RNase protection assay of total cellular RNA. Shown is an
autoradiogram of 32P-labeled flu- and f3� receptor cRNA probes that were
protected from RNase digestion by cellular RNA or synthetic RNA
standards. Probes that were protected by standards are larger than
those protected by cellular RNA due to common vector sequences in
the probes and standards. B, Northern blot analysis of SK-N-MC total
RNA.

CHO cells. Indeed, the expression of the fl: receptor in the 5K-

N-MC cell line may not be under normal regulatory controls,

because these cells have numerous genetic abnormalities (e.g.,

polyploidy) and because the fl: receptor is not expressed in the

human brain.2 The likelihood of this is reduced by the obser-

vation that transfection of fl and fl receptor cDNAs into a

variety of cell types (including Escherichia coli) results in

receptors with the expected pharmacological properties (31).

Alternatively, this atypical fi receptor may represent an addi-

tional atypical subtype, although it would have to be astonish-

ingly homologous with the human fl receptor. Further study is

necessary to clarify the reasons for these discrepancies.

These studies show that two closely related receptor subtypes

coexist in these cells and activate redundant responses with

important consequences. In intact cells, the response at low

agonist concentrations is mediated primarily by the fl subtype,

and this subtype alone can cause almost maximal increases in

1.4-

758 Esbenshade et a!.

2 J� G. Granneman, unpublished observations.

cAMP. The atypical subtype is activated at higher concentra-
tions without observable effects. When both subtypes are acti-

pg vated in whole cells, the fi-adrenergic receptor can be blocked

without reduction in response. Similar redundancy has been

reported for lipolysis and smooth muscle relaxation (12-15, 18-

22), which are complicated by cell heterogeneity.

In cell homogenates, ISO is capable of stimulating adenylate

cyclase when the fl receptor is blocked, indicating the presence

of the atypical subtype in this preparation, as well as in whole

cells. However, unlike the whole-cell system, there appears to

be a fl subtype component of the adenylate cyclase response

that is eliminated by CGP and that may be additive with the

atypical fi receptor response in cell homogenates. Further ex-

periments are necessary in order to characterize further the

contribution of each fl receptor subtype to the adenylate cyclase

response in cell homogenates.

The functional role of such redundant receptors is obscure.

The atypical fl-adrenergic receptor may play a “backup” role to

ensure responses to agonists when dominant fi-adrenergic re-

ceptors are lost. Indeed, acute agonist exposure desensitizes fl-
but not fl:radrenergic receptors in isolated rat white adipocytes

(32). Alternatively, the rank order of potency of endogenous

agonists (fl, NE = EPI; atypical, NE > EPI) may be altered
by different contributions from the two subtypes. Because the

atypical fl-adrenergic receptor has never been found in isolation

but is seen only when other fi-adrenergic receptors are blocked,

its effects may usually be masked by a more dominant typical

fi-adrenergic receptor. If so, it may be more widespread than

previously thought.

Atypical fi-adrenergic receptors have been suggested to be

resistant to desensitization. The fl subtype has fewer consensus

sequences for phosphorylation by cAMP-dependent protein

kinase (33). However, Fishman et al. (16) showed that the

cAMP response to ISO diminishes upon prolonged exposure to
ISO in SK-N-MC cells, implying that this response does desen-

sitize. We have found that both fl- and fl-mediated responses

show similar desensitization in response to agonist exposure in

these cells, as has been reported in rat adipocytes (28). Because

of the possibility of cross-talk between these two receptors,

which activate the same signaling mechanism, it will be intrigu-

ing to compare the down-regulation of these two subtypes in

this cell line.

Pharmacological analysis is seriously complicated by the

coexistence of two subtypes causing redundant responses. The

potencies of antagonists depend on agonist concentration and

relative occupancy of each subtype. When both subtypes are

activated, the drug specificity is be a hybrid of both subtypes.

The potencies of agonists and antagonists reflect the subtype

at which they have the highest and lowest affinities, respec-

tively. Clearly, accurate characterization must include exami-

nation of multiple concentrations of agonists and antagonists

(34).

These studies show that human SK-N-MC cells express high

levels of both fl - and atypical fi-adrenergic receptors. Although

the pharmacological properties of this atypical subtype differ

in important ways from those of the expressed recombinant

human fl; receptor, highly specific nuclease protection assays

suggest that these are the same subtypes. This is the first

., R. K. Bandlish, S. Dennison, T. A. Esbenshade, and K. P. Minneman,
unpublished observations.
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evidence for the fl: subtype in cells of neuronal origin and the

first description of a continuous cell line in which one can

investigate the actions, interactions, and regulation of both the

fl- and fi-adrenergic receptors. Finally, the coexistence of two

subtypes causing redundant responses in the same cell has

important implications that must be clarified as the number of

known receptors for each transmkter continues to increase.
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